Abstract: Particle trapping and sensing serve as important tools for non-invasive studies of individual molecule or cell in bio-photonics. For such applications, it is required that the optical power to trap and detect particles is as low as possible, since large optical power would have side effects on biological particles. In this work, we proposed to deploy a nanobeam photonic crystal cavity for particle trapping and opto-mechanical sensing. For particles captured at 300 K, the input optical power was predicted to be as low as 48.8 µW by calculating the optical force and potential of a polystyrene particle with a radius of 150 nm when the trapping cavity was set in an aqueous environment. Moreover, both the optical and mechanical frequency shifts for particles with different sizes were calculated, which can be detected and distinguished by the optomechanical coupling between the particle and the designed cavity. The relative variation of the mechanical frequency achieved approximately 400%, which indicated better particle sensing compared with the variation of the optical frequency (±0.06%). Therefore, our proposed cavity shows promising potential as functional components in future particle trapping and manipulating applications in lab-on-chip.
Introduction
Optical force is regarded as an ideal tool for trapping and manipulating vulnerable particles due to its contactless and nondestructive properties [1] . A photonic crystal cavity, formed by introducing a defect into a periodic arrangement of different materials, is able to build an optical potential around the defects and traps of the manipulated particles with the advantage of the cavity-enhanced optical force [2] [3] [4] . Therefore, the enlarged optical force via a high-quality factor photonic crystal cavity is promising for trapping and manipulating various vulnerable particles. Compared with two-dimensional photonic crystal structures [5] [6] [7] [8] , one-dimensional nanobeam photonic crystal cavities have attracted considerable attention due to their compact nanobeam structures [9] , ease of integration of coupling waveguides [10] , high quality factors [11] and small mode volumes [12] . The relationship of the optical gradient force between the quality factor, mode volume and transmission has been systematically analyzed in the nanobeam photonic crystal cavities [13] . Among these works on cavity enhanced optical forces, the primary target is to trap and manipulate particles with optical power as low as possible, since the enhanced optical absorption by the high-quality-factor cavities would have side effects on biological particles such as bacteria, proteins, and viruses due to a severe increase in temperature [14] . X. Serey et al. have compared several photonic crystal cavities and showed that polystyrene particles with different diameters could be trapped with the input optical power of 10 mW [15] . N. Descharmes et al. have presented 500-nm dielectric particles with low intracavity powers of only 120 µW for long-time optical trapping [16] . Despite these advances, optical trapping power still needs to be further lowered to reduce the influence on biomolecules. Furthermore, the optomechanical coupling between the cavity and the particle due to the self-induced back-action optical trapping is expected to isolate, analyze, or sort different particles depending on their mechanical performances [1, [16] [17] [18] .
In this work, we proposed to utilize a larger-center-hole nanobeam photonic crystal cavity [19, 20] in silicon for trapping and opto-mechanical sensing particles. The radius of air holes increases in the center of the defect region in the designed cavity so that large optical force can be obtained. For the calculation of optical force, a polystyrene particle was introduced and located at the center above the cavity, while the trapping cavity was set in an aqueous environment. The optical force and potential on the introduced particle with radius of 150 nm were calculated at a temperature of 300 K. For particles captured at this condition, the input optical power is required to be as low as 48.8 µW to generate an optical potential of 4.14 × 10 −20 J (10 k B T). We additionally calculate the optical and mechanical frequency shift for the particles with radius ranging from 100 nm to 500 nm. Accordingly, the change of the mechanical frequency shift can be detected and analyzed based on the optomechanical coupling between the particle and the designed cavity.
Results

Design of a Photonic Crystal Cavity
We designed a larger-center-hole nanobeam photonic crystal cavity fabricated on silicon-on-insulator for particle trapping and sensing. The structure of the cavity is shown in Figure 1a . The radius of air holes, r n , linearly increases from the mirror region to the center of the cavity defect region, where r n = r 0 + 4 × n (nm). Here, r 0 is fixed at a radius of 100 nm in the whole mirror region, and the largest hole in the center of the cavity defect region is set with a radius of r 7 = 128 nm. For the entire structure, the lattice constant a, the distance between two adjacent holes, is kept as 365 nm. The width and the thickness of the nanobeam are 480 nm and 220 nm, respectively.
Crystals 2019, 9 2 Furthermore, the optomechanical coupling between the cavity and the particle due to the selfinduced back-action optical trapping is expected to isolate, analyze, or sort different particles depending on their mechanical performances [1, [16] [17] [18] . In this work, we proposed to utilize a larger-center-hole nanobeam photonic crystal cavity [19, 20] in silicon for trapping and opto-mechanical sensing particles. The radius of air holes increases in the center of the defect region in the designed cavity so that large optical force can be obtained. For the calculation of optical force, a polystyrene particle was introduced and located at the center above the cavity, while the trapping cavity was set in an aqueous environment. The optical force and potential on the introduced particle with radius of 150 nm were calculated at a temperature of 300 K. For particles captured at this condition, the input optical power is required to be as low as 48.8 μW to generate an optical potential of 4.14 × 10 −20 J (10 kBT). We additionally calculate the optical and mechanical frequency shift for the particles with radius ranging from 100 nm to 500 nm. Accordingly, the change of the mechanical frequency shift can be detected and analyzed based on the optomechanical coupling between the particle and the designed cavity.
Results
Design of a Photonic Crystal Cavity
We designed a larger-center-hole nanobeam photonic crystal cavity fabricated on silicon-oninsulator for particle trapping and sensing. The structure of the cavity is shown in Figure 1a . The radius of air holes, rn, linearly increases from the mirror region to the center of the cavity defect region, where rn = r0 + 4 × n (nm). Here, r0 is fixed at a radius of 100 nm in the whole mirror region, and the largest hole in the center of the cavity defect region is set with a radius of r7 = 128 nm. For the entire structure, the lattice constant a, the distance between two adjacent holes, is kept as 365 nm. The width and the thickness of the nanobeam are 480 nm and 220 nm, respectively. Side-view of the structure of the larger-center-hole nanobeam photonic crystal cavity, above which a polystyrene particle is introduced. The position of the polystyrene particle deviates from the center of the largest hole of the cavity in the x direction is denoted as Δx. The distance between the center of the polystyrene particle and the top surface of the nanobeam cavity in the z direction is denoted as Δz.
For particle trapping and sensing, the cavity was simulated in an aqueous environment with a polystyrene particle located above the center of the cavity, as shown in Figure 1b . The position of the polystyrene particle deviated from the center of the largest hole of the cavity in the x direction is denoted as Δx. The distance between the center of the polystyrene particle and the top surface of the nanobeam cavity in the z direction is denoted as Δz. The optical trapping force and the optical potential on the manipulated polystyrene particle were analyzed by varying its position based on the designed larger-center-hole nanobeam cavity. In the simulation, the material of the designed cavity and the particle are silicon and polystyrene, respectively, with the corresponding refractive index of 3.42 and 1.59. The whole cavity is set in aqueous environment, whose refractive index is 1.33. The Young's modulus of the polystyrene is 3300 MPa. Side-view of the structure of the larger-center-hole nanobeam photonic crystal cavity, above which a polystyrene particle is introduced. The position of the polystyrene particle deviates from the center of the largest hole of the cavity in the x direction is denoted as ∆x. The distance between the center of the polystyrene particle and the top surface of the nanobeam cavity in the z direction is denoted as ∆z.
For particle trapping and sensing, the cavity was simulated in an aqueous environment with a polystyrene particle located above the center of the cavity, as shown in Figure 1b . The position of the polystyrene particle deviated from the center of the largest hole of the cavity in the x direction is denoted as ∆x. The distance between the center of the polystyrene particle and the top surface of the nanobeam cavity in the z direction is denoted as ∆z. The optical trapping force and the optical potential on the manipulated polystyrene particle were analyzed by varying its position based on the designed larger-center-hole nanobeam cavity. In the simulation, the material of the designed cavity and the particle are silicon and polystyrene, respectively, with the corresponding refractive index of 3.42 and 1.59. The whole cavity is set in aqueous environment, whose refractive index is 1.33. The Young's modulus of the polystyrene is 3300 MPa.
The optical frequency of the defect mode in the photonic band structure of the designed cavity is presented in Figure 2a . The photonic band structure is calculated by plane wave expansion (PWE) method. It can be seen that the optical resonant mode is confined in the photonic band gap of the mirror structure. And the optical wavelength of the resonant cavity mode is calculated to be 1.5477 µm without the polystyrene particle. The optical transmission spectra of the designed cavity are simulated by finite-difference time-domain (FDTD) method and presented in Figure 2b . The optical quality factor (Q) of the cavity can be calculated from the transmission spectra and the Q factor for the designed cavity is 3968.
Crystals 2019, 9 3 The optical frequency of the defect mode in the photonic band structure of the designed cavity is presented in Figure 2a . The photonic band structure is calculated by plane wave expansion (PWE) method. It can be seen that the optical resonant mode is confined in the photonic band gap of the mirror structure. And the optical wavelength of the resonant cavity mode is calculated to be 1.5477 μm without the polystyrene particle. The optical transmission spectra of the designed cavity are simulated by finite-difference time-domain (FDTD) method and presented in Figure 2b . The optical quality factor (Q) of the cavity can be calculated from the transmission spectra and the Q factor for the designed cavity is 3968. To study the optical trapping force and the optical potential on the polystyrene particle, the optical fields in x and z direction of the designed cavity with the polystyrene particle located at different positions were simulated and given in Figure 3 . Here, the location of the polystyrene particle is set as (a) Δx = 0 nm, Δz = 5 nm and (b) Δx = 190 nm, Δz = 5 nm, respectively. It can be seen that the particle is located at the position of the largest optical field with Δx = 190 nm, Δz = 5 nm in Figure 3b . Accordingly a strong optical trapping can be achieved for the polystyrene particle at this position. This result can also be obtained by the calculation for the optical force and potential being applied on the polystyrene particle in the following, where a strong optical trapping potential for the polystyrene particle is located at Δx = 190 nm, Δz = 5. To study the optical trapping force and the optical potential on the polystyrene particle, the optical fields in x and z direction of the designed cavity with the polystyrene particle located at different positions were simulated and given in Figure 3 . Here, the location of the polystyrene particle is set as (a) ∆x = 0 nm, ∆z = 5 nm and (b) ∆x = 190 nm, ∆z = 5 nm, respectively. It can be seen that the particle is located at the position of the largest optical field with ∆x = 190 nm, ∆z = 5 nm in Figure 3b . Accordingly a strong optical trapping can be achieved for the polystyrene particle at this position. This result can also be obtained by the calculation for the optical force and potential being applied on the polystyrene particle in the following, where a strong optical trapping potential for the polystyrene particle is located at ∆x = 190 nm, ∆z = 5.
Optical Force and Potential on a Particle
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The optical force on the particle was calculated by the distribution of the electric field and magnetic field with Maxwell Stress Tensor [21] . In our calculation, the optical field of the designed cavity with the introduced polystyrene particle was first simulated by finite element analysis. Then, the optical force (f ) on the particle was calculated by integrating the Maxwell stress tensor over the surfaces of the particle:
Where S is the surface of the particle, d n is the surface normal and T denotes the Maxwell stress tensor given as:
Where ε is the electric constant and µ 0 is the magnetic constant, E is the electric field, B is the magnetic field, and δ ij is Kronecker's delta function. It should be noted that the potential is affected by the presence of the particle, since the refractive index of the polystyrene particle is larger than that of water. Thus, the optical force and potential were calculated with the particle located above the cavity. In the simulation, the light is input from one port of the nanobeam waveguide. Its frequency is set as the optical resonant frequency of the optical cavity with the particle located 5 nm above the cavity for the x direction (∆x is changed with ∆z = 5). The calculated results are presented in Figure 4a . The calculation of optical force and potential on the particle in the z direction, in which the particle is located at a fixed ∆x = 190 nm and a varied ∆z, is shown in Figure 4b . Here, the negative and positive optical force refer to the direction of the force on the particle. For example, in the x direction, the negative or positive optical force refers to the force direction opposite or along the x axis, respectively. For the z direction, the negative optical forces indicate that the direction of the force is opposite the z axis, so that the particle will be trapped just above the cavity.
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Since dielectric particles are attracted in the region of strongest electric field, a strong optical trapping can be realized in an optical cavity. When the light is input into the cavity, an optical potential in the x direction and the z direction around the cavity defect can be built for trapping the polystyrene particle with radius of 150 nm. For particle capturing, the minimum potential of 4.14 × 10 −20 J (10 k B T) is required at temperature of 300 K. For x direction, the potential well depth is 8.48 × 10 −20 J when the input power is 100 µW, as shown in Figure 4a . Since that the potential well depth increases linearly with the input light power, the input power is required to be 48.8 µW when the well depth reaches 4.14 × 10 −20 J (10 k B T). In addition, we also calculated the optical force and potential in the z direction while the particle is located at the strongest trapping of the potential well with ∆x = 190 nm. As shown in Figure 4b , when the input power is 100 µW, the potential well depth is 9.17 × 10 −20 J. Thus, when the well depth reaches 10 k B T, the input power is required to be 45.1 µW. Taking the required input power for both x and z direction into consideration, it can be concluded that the input optical power is predicted as low as 48.8 µW for particles captured at 300 K. It should be mentioned that the coupling loss between the input light and the trapping cavity has been considered in our simulation. Thus, the input power for particle trapping using this proposed cavity is much lower compared with other reported work (120 µW-10 mW) [15, 16] , which benefits to mitigate the side effect on biological particles. In addition, it is possible to attract more than one particle from the water dispersion. It can be seen from Figure 4a that there is more than one potential well in the x direction. If the input optical power goes up, more potentials can be built for trapping multiple particles by the nanobeam photonic crystal cavity.
Optomechanical Sensing
Optomechanical coupling between cavity and particle inherently exists due to the mechanism of self-induced back-action optical trapping [16] . Based on optomechanical coupling, when we distinguish different particles, both the optical and mechanical frequency shift can be read out by the light output from the cavity. Here, the optical and mechanical frequency shift for the polystyrene particles with different radiuses ranging from 100 nm to 500 nm are calculated and shown in Figure 5a and 5b, respectively. The inset of Figure 5a shows the configuration for the detected nanobeam cavity with the particle located above the cavity.
When the particles with different radiuses, ranging from 100 nm to 500 nm, appear near the cavity, the surrounding refractive indices of the designed cavity change with a small variation, accordingly. Therefore, the optical resonant frequency of the cavity will shift dependent of the particles with different sizes. The changing percent of the optical resonant frequency of the cavity, ∆f /f o , was also calculated and presented in Figure 5a . Here, the polystyrene particle is located at ∆x = 190 nm, ∆z = 5 nm. It can be seen that there is only a relative variation of ±0.06% approximatively for the optical frequency when the particle enlarged with radius from 100 nm to 500 nm.
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(a) (b) Figure 5 . (a) The optical frequency shift for the particle with different radius, ranging from 100 nm to 500 nm. The relative changing percent of the optical resonant frequency of the cavity, Δf/fo, was also calculated. Here, the polystyrene particle is located at Δx = 190 nm, Δz = 5 nm. The inset shows the configuration for the detected nanobeam cavity with the particle above the cavity. (b) The mechanical frequency shift and the relative changing percent of the mechanical frequency of the cavity, Δf/fm for the particle with a different radius. The inset shows the strain for the vibrated particle with a radius of 200 nm.
On the other hand, the mechanical frequency of the particle decreases from 4.6 GHz to 0.9 GHz with the increasing size of the particles from 100 nm to 500 nm in radius. Here, the mechanical mode of the particle is the lowest order mechanical mode with the symmetric strain in the x, y, and z axes, which can be detected by the optomechanical coupling between the cavity and the particle due to the self-induced back-action optical trapping. The corresponding changing percent of the mechanical Figure 5 . (a) The optical frequency shift for the particle with different radius, ranging from 100 nm to 500 nm. The relative changing percent of the optical resonant frequency of the cavity, ∆f /f o , was also calculated. Here, the polystyrene particle is located at ∆x = 190 nm, ∆z = 5 nm. The inset shows the configuration for the detected nanobeam cavity with the particle above the cavity. (b) The mechanical frequency shift and the relative changing percent of the mechanical frequency of the cavity, ∆f /f m for the particle with a different radius. The inset shows the strain for the vibrated particle with a radius of 200 nm.
On the other hand, the mechanical frequency of the particle decreases from 4.6 GHz to 0.9 GHz with the increasing size of the particles from 100 nm to 500 nm in radius. Here, the mechanical mode of the particle is the lowest order mechanical mode with the symmetric strain in the x, y, and z axes, which can be detected by the optomechanical coupling between the cavity and the particle due to the self-induced back-action optical trapping. The corresponding changing percent of the mechanical frequency of the cavity, ∆f /f m , achieves approximately 400%. This is because the particle size significantly affects its mechanical frequency. Here, the strain for the vibrated particle with a radius of 200 nm is also given in the inset of Figure 5b . Therefore, compared with the optical frequency shift of ±0.06%, the mechanical frequency shift shows a better performance for particle sensing, which can be used to distinguish or analyze different particles with great potential.
Discussion
In this work, we calculated optical force and potential on an introduced polystyrene particle with radius of 150 nm generated by a larger-center-hole nanobeam photonic crystal cavity. The introduced polystyrene particle located over the cavity was simulated in an aqueous environment. For particles captured at a temperature of 300 K, the input optical power is required to be as low as 48.8 µW in the x direction and 45.1 µW in the z direction within the designed cavity. We also studied the sensing performance of the polystyrene particle dependent on different size by the resonant frequency shift of the optical cavity mode and mechanical mode. These results show a great potential of the designed nanobeam cavity for future lab-on-chip trapping and sensing applications. 
